The Lymphapress, a pneumatic sequential intermittent device is recognized as one of the most effective conservative treatments for lymphoedema, due to its effective 'milking mechanism'. This led us to hypothesize that accelerated removal of fatigue-causing metabolites by mechanical massage could improve an athlete's performance capacity. We conducted trials with 11 men who exercised at a constant workload, on a cycle ergometer, until exhaustion. During a 20-min recovery period a new modified pneumatic sequential intermittent device (the MISPD) was applied to the subjects' legs. The men then performed a second constant load exercise bout. Cardiorespiratory p arameters were measured during exercise and blood was withdrawn during recovery for the determination of lactate, pyruvate, ammonia, bicarbonate and pH. No difference was found in the blood levels of the 'fatigue causing metabolites' during passive recovery (PR) and recovery with the MISPD (MR). However, the MISPD effected a 45% improvement in the subjects' ability to perform the subsequent exercise bout. The accumulation of fluid in the interstitial space after exercise and its disappearance after the use of the MISPD offers one possible explanation for these results, although psychological effects cannot be discounted.
Muscle fatigue has been defined as the failure to maintain the required or expected force 1 . For many years, physiologists have debated the origin and mechanism of muscle fatigue. Some ascribe it to the central nervous system, while others consider it to be peripheral 2 ' 3 . One of the four basic processes involved in muscle fatigue, as suggested by Simonson 4 , is the accumulation of metabolites. The active removal of these metabolites should therefore alleviate fatigue.
Several studies have shown that the performance capacity is greater after active than after passive recovery 5 ' 6 . The removal of lactic acid from the muscles and the blood is considered to be one . Lactic acid removal is more effective during active recovery than during passive recovery 8 ' 11 ' 12 but there is no agreement as to the optimal intensity of the active recovery. Massage of the fatigued limbs is regarded as more effective than passive recovery, but apart from statements by athletes supporting massage, scientific research in this field is lacking 13 . The Lymphapress (Mego-Afek, Kibutz Afek, Israel), a sequential pneumatic intermittent compression device, is considered to be one of the best conservative treatments for lymphoedema, due to its effective milking mechanism of the extremities 14 ' 15 . We therefore hypothesized that by massaging previously fatigued legs with a new modified intermittent sequential pneumatic device -(MISPD) (patent pending), especially developed for this purpose, a more rapid removal of the fatigue-causing metabolites would be achieved and this could improve the subjects' ability to perform a subsequent exercise bout.
Subjects and methods
Eleven healthy men participated in the study (of mean(s.d.) age 26.6(4.9) years, mean(s.d.) height 176.3(3.7) cm, and mean(s.d.) weight 70.7(6.5)kg). None were trained athletes but all regularly performed some form of physical activity. All were informed of the experimental procedure before signing a consent form. The purpose of the research was not explained to the subjects in order to minimize psychological effects.
Instrumentation
The exercise tests were performed on an electronically braked cycle ergometer (Ergoline 800, Mijnhardt bv, Bunnik, The Netherlands). During the tests, the subjects were connected to an electrocardiogram (ECG) (6353 Cardiofax Nihon Koden, Tokyo, Japan) and breathed through a tube connected to a pneumotachometer and a gas analyser module (CPX Medgraphics, Medical Graphics Corp., St Paul, Minnesota, USA). The data obtained breath by breath were displayed and stored with a computer (Mitsubishi MP 286, Misubishi Electronics America Inc., Torrance, California, USA).
The MISPD contains a compressor and distributor which create a continuous cycle of ascending pressure waves (of 50 mmHg) into sleeves which are placed on the lower limbs. The sleeves house 12 independent overlapping cells which are fed independently from the pressure source. The action of the device creates waves of pressure on the lower limbs causing a continuous milking effect.
Experimental procedure
Each subject completed two maximal incremental exercise tests, according to the protocol of Wasserman et al} 6 . After a 3-min period of rest, the subjects performed unloaded pedalling, maintaining a cycle speed of 60r.p.m. The work rate was then progressively increased until the subject could no longer maintain a cycle frequency of 40r.p.m. From the results of the best incremental test, a constant workload was calculated at 80% of the maximum Vo 2 achieved in the incremental test.
The subjects were asked to refrain from any form of exercise for at least 18 h before each test day and were told to eat only a small breakfast, at least 2h before testing. After arrival at the laboratory, each subject lay down and a catheter was securely placed in a superficial forearm vein. Blood samples were taken and analysed for lactate, pyruvate, pH, bicarbonate and ammonia. The subjects then mounted the cycle ergometer, were connected to the testing equipment and rested for 3 min before performing exercise bout 1 (constant workload) until exhaustion. After a 20-min rest the subjects exercised again at the same constant workload until exhaustion. One week later the subjects performed the same test again. They were divided into two groups -group 1 (six subjects) rested in a supine position after bout 1. One week later the MISPD was applied during the rest period. Group 2 (five subjects) performed the same test but in a different order, i.e. the MISPD was applied after the first exercise bout but not during the rest after bout 1 a week later. The subjects did not know before the test day which group they were in.
Blood samples were drawn at rest before bout 1 and every 2 min during recovery after bout 1. All the relevant cardiorespiratory parameters were measured before, and during, the exercise bouts.
Chemical analysis
Blood lactate and pyruvate were determined enzymatically using protein-free filtrates. The reaction was monitored by following the consumption (for pyruvate) or the formation (for lactate) of NADH at 340 nm 17 . The concentration of ammonia was determined using the Sigma diagnostic method 18 (Sigma Chemical Co., St Louis, Missouri, USA). The pH and bicarbonate were measured using the pH/blood gas analyser system 1L 6002
19 (Instrumentation Laboratories International, Lexington, Massachusetts, USA).
Statistical analysis
The data were evaluated using two-way analysis o variance with repeated measures, and paired t test: where applicable. An a level of 0.05 was chosen.
Results
The mean(s.d.) maximum oxygen consumption (Vo; achieved by subjects in the maximal incremente aerobic capacity tests was 48(4) mlkg^min" 1 . Th mean(s.d.) constant workload for the exercise bou was 211(16) W. No significant difference was foun between group 1 and group 2 for any of th parameters tested.
The mean resting values of the cardiorespirator parameters are summarized in Table 1 . The values i rest before bout 2 were higher than those before bov 1 but the use of the MISPD had no significant effei on these values and they remained unchanged.
The mean Vo 2 and carbon dioxide productio (Vco 2 ) achieved in exercise bout 2 were slightly lowi when compared with these values in bout 1 but thei was no significant difference between, the t \\ treatment groups ( Table 2 ). The subjects managed ' achieve a higher mean maximum heart rate (HR) : bout 2 after treatment with the MISPD compare with that achieved in bout 2 after passive recovery I < 0.001).
The subjects also achieved a higher mee maximum heart rate in bout 2 than in bout 1 aft treatment with the MISPD (P < 0.05). After passr recovery the mean maximum heart rate was slight reduced, although not significantly. The subjec managed to achieve a higher mean maximu The meai values at rest before bout 2 were significantly higher than those before boutl, but the MISPD had no effect on these values. P\ always < 0.05 using paired ttest ventilation (VE) in bout 2 after treatment with the MISPD compared with that achieved in bout 2 after passive recovery (P < 0.05). After passive recovery, the mean maximum ventilation was significantly reduced (P < 0.005). 0.3) ). The blood metabolite data are summarized in Figure  I . Blood lactate, pH, bicarbonate and ammonia were not significantly different during passive and MISPD recovery. The mean pyruvate concentration during passive recovery was higher than during recovery with the MISPD (P < 0.05) (Figure 2 ). The mean performance times for bouts 1 and 2 are summarized in Table 3 . No significant difference was found in the duration of bout 1, between the two groups. There was a reduction in the performance rime of bout 2, but after recovery with" the MISPD the subjects performed for 80% of the duration of bout 1 compared with 55% in bout 2 after passive recovery. The performance time of bout 2 after treatment with the MISPD was significantly higher than that after passive recovery (P < 0.004). It is important to point out that this finding was consistent and occurred in all the subjects tested.
Discussion
Muscle fatigue is a complex phenomenon involving biochemical, physiological and psychological elements 2 . Several basic mechanisms have been proposed for the fatigue process 4 . One of these is the accumulation of metabolites causing fatigue in the working muscles 2 -20 . During the anaerobic phase of exercise, lactic acid and other metabolites are produced in the muscle and are released into the blood. Theoretically, any means that enhance the removal of the fatigue-causing metabolites (lactic acid and ammonia), from the working muscles should improve a subsequent exercise performance. In this study the MISPD was used to improve the subjects' performance in a subsequent exercise bout. The original rationale behind this experiment was that the continuous milking effect of the MISPD on the leg muscles after strenuous effort, would accelerate the removal of metabolites from the legs and thus improve the The effects of the MISPD on exercise performance: A. Zelikovski et al. performance of the subjects in a subsequent exercise bout. The results demonstrated a significant improvement in the subjects' performance in the subsequent bout after recovery with the use of the MISPD, manifested by a prolongation of exercise duration by 45%.
The metabolic blood data, however, failed to show a corresponding change in the blood levels of the metabolites measured. The MISPD apparently does not achieve an accelerated removal of metabolites from the muscles as determined from their levels in peripheral venous blood. The possibility that peripheral venous blood does not always reflect muscle metabolic changes has been proposed by several investigators . Accordingly, the accelerated removal of metabolites with the MISPD from the exercised muscles should be reflected in venous blood concentrations. An exceptional observation was the lower pyruvate levels during recovery with the MISPD after bout 1, compared with passive recovery. The mechanism of this observation is not clear. It is possible that there is a reduced production of pyruvate in the muscle due to its slower conversion from lactate or there is a higher metabolism of pyruvate in the muscle. Another possibility is that the pyruvate is more effectively removed from the blood during recovery with the MISPD. The fact that the subjects significantly improved their performance time in bout 2 after treatment with the MISPD and also managed to achieve a higher mean maximum v entilation and a higher mean maximum heart rate, indicates that they were better ' able to overcome the peripheral fatigue of their legs. When considering other (non-metabolic) causes that could explain our results, one should note that the Lymphapress is regarded as one of the best conservative treatments for lymphoedema of the limbs, due to its effective milking mechanism and Sjogaard 28 found that at the end of exercise, fluid accumulates in the muscles and the interstices. This is due to an increase in blood flow to the working muscle along with an increase in blood pressure, as well as an increase in the osmotic pressure of the tissues from the accumulation of ^metabolites. During exercise the contraction of the muscles helps to reduce the increase of fluid in the interstices.
The accumulation of fluid in the interstices can cause several effects: an increase in the diffusion distance between the capillaries and the muscle cells, changes in membrane characteristics and an increase in pressure due to an increase in fluid 27 " 29 . Each of these can cause a disturbance in the membrane function and a consequent disturbance in muscle function. The effective removal of the exce fluid that accumulates in the interstitial space aft exercise could, therefore, prevent the disturbance muscle function before bout 2 thus causing tl improved performance of the subjects in bout 2. O present study does not present data to support th hypothesis. This could be verified by the determin tion of plasma volume changes after using tl MISPD. Psychological reasons for improved perforr ance cannot be ruled out. The massaging action of tl MISPD creates a pleasant sensation on the muscles which it is applied. It is therefore possible that tl subjects felt better prepared for the subseque exercise bout and because of this they managed exercise for a longer duration following application the MISPD. Diverting activities carried out during tl rest period following an exercise bout have be< shown to be effective in improving subjects' ability perform a subsequent exercise bout 6 . This w attributed to an effect of the central nervous syster
Although we could not elucidate the mechanism its action, treatment with the MISPD caused a 45 improvement in the subjects' ability to perform subsequent exercise bout.
Further investigation is required in order to acqui a better understanding of the mode of action of ti MISPD and its effect on muscle fatigue.
